We investigate low-dimensional plasmons (PL's) in an array of metallic quantum wires. By developing a self-consistent local-fieldcorrection (LFC) theory for treatment of the PL's in the wire array, we take account of both the intrawire exchange-correlation (XC) effect and the interwire correlation effect. By comparing the results involving the LFC with those in the random-phase approximation, we examine the XC effect on the energy distribution and the energy-loss intensity of all the PL modes in an array of a finite number of wires. Our theoretical scheme is applied to an array of Au-atom wires on the Si(557) surface. The XC effect is found to play a significant role because of strong onedimensional confinement, though a high effective density of the electron system is suggestive of the free-electron-gas character. With an increase in wave number q, the XC effect operates to lower the mode energy increasingly, and to start the decline of the energy-loss intensity at smaller q values. In a smaller q range of qd . 1, where d denotes the interwire separation, the interwire interaction has the mode energies separated from one another to form an energy distribution of considerable width. Our results of the XC effect and the effect of the interwire interaction yield general insights into the PL's in a variety of wire arrays.
Introduction
Studies of one-dimensional plasmons in quantum wires can be traced back to Tomonaga's prediction more than fifty years ago. 1) He predicted that a one-dimensional conductionelectron system (1DES) would sustain collective motion exhibiting sound-wave behavior, and showed that this motion can be treated in terms of Bose particles. This is what we call one-dimensional plasmons (1DPL's). Great progress in semiconductor science and technology brought an embodiment of the 1DES in the shape of semiconductor quantum wires. The 1DPL's in such a wire were observed by inelastic light scattering, and this observation suggested the soundwave behavior of the 1DPL's. 2) However, this quantum wire was not so narrow as to produce a complete 1DES. Its width was on the order of ten nanometers, and the secondlowest subband as well as the lowest one was occupied by carriers. This electron system was virtually a quasi-1DES. In addition, the above optical measurement probed only a small wave-number range of 5 to 15 percent of the Fermi wave number k F .
Recent dramatic advances in nanoscience and nanotechnology made it possible to create metallic nanostructures on semiconductor surfaces on an atomic scale. Vicinal surfaces of Si(111) with regular step rows turned out to be convenient substrates to fabricate a variety of regular arrays of monatomic Au wires. By adequate deposition and temperature treatment, adsorbed Au atoms are self-assembled into an atom-wire array. This self-assembly realized bottom-up synthesis of nanostructures of the ultimate one-dimensional (1D) metals on the Si surface. Especially, increasing attention has been devoted to the atomic and electronic structure of the Si(557)-Au surface. [3] [4] [5] [6] [7] [8] [9] On this surface, Au-atom wires line up in the step-edge direction at intervals of 1.91 nm. 6 ) Each Au chain is embedded in the topmost Si layer of the terrace. 4) Each atom chain of alternating Au and Si atoms in the topmost Si layer forms a one-dimensional surface-state band where electrons are confined in quite a narrow region only one-atom wide. 9) This band structure is constituted not of a pair of spin-degenerate bands but of a pair of spin-orbit split bands. 9) These split bands have closely spaced dispersion curves parallel to each other around the Fermi level E F , and each of these bands is nearly half-filled. 6) Recent studies by photoemission spectroscopy indicated that only one of the split band doublets is metallic at room temperature, and that the other one is insulating because of an energy gap of $0.1 eV due to the Peierls instability. 7) By means of electron energy-loss spectroscopy, the authors' group measured the 1DPL's in an Au-atom wire array on the Si(557)-Au surface, and made a theoretical analysis of the energy dispersion of the plasmons (PL's). 10) The above spectroscopy with an excellent wave-number resolution of %0:05 nm À1 enabled us to clearly observe the PL's with the sound-wave character in a broad q range up to about a quarter of k F . Theoretical fitting to the measured energy dispersion provided a value of the electron effective mass in good agreement with that of the photoemission experiment in Ref. 6 , only when we assumed that one of the split bands is metallic, and that only this one contributes to the PL's. Accordingly, we reasonably concluded that only one of the split band doublets is metallic, as indicated by the recent photoemission experiment in Ref. 7 .
In the present work, we investigate the low-dimensional PL's in an array of metallic quantum wires, with special attention to the dynamic exchange-correlation (XC) effect.
We take a scheme to analyze the energy dispersion and the energy-loss intensity of all the PL modes in an array of a finite number of wires. Extending a self-consistent localfield-correction (LFC) theory to the wire array, we consider both the XC effect within each wire and the correlation effect between different wires. We can evaluate the XC effects by comparing the results of the LFC calculation with those of the Materials Transactions, Vol. 48, No. 4 (2007) pp. 718 to 721 Special Issue on ACCMS Working Group Meeting on Clusters and Nanomaterials #2007 Society of Nano Science and Technology random-phase-approximation (RPA) calculation. Our theory is applied to the Si(557)-Au surface. We find significant XC effects on the dispersion and the loss intensity. We also note the effect of the interwire interaction. In the absence of the interwire interaction, the PL mode energies become degenerate with the same multiplicity as the wire number. As the interwire interaction comes into play, this interaction removes the degeneracy, and enhances splitting of the mode energies.
Theory
We employ a self-consistent LFC theory originally formulated by Singwi, Tosi, Land, and Sjölander. 11) This theory is often called the STLS approximation. This approximation was applied to a single quantum wire by Friesen and Bergersen. 12) We develop this approximation for treatment of a wire array. In the STLS approximation, the XC effects are incorporated into the RPA by means of the LFC. We consider an array of M quantum wires that are spaced on the semiconductor surface at regular intervals and that are numbered consecutively from 1 to M. It is assumed that electrons are confined in a strip region on the surface plane by a harmonic oscillator potential. We set up the x-and y-axes such that the x-axis is perpendicular to the wire-extending direction, and the y-axis is parallel to the same direction. The form factor for the k-th wire is written as
where 0 ðxÞ and x k are the ground-state eigenfunction of the harmonic oscillator and the center position of the k-th wire, respectively. The length 2a can be regarded as the wire width. Details of the electron confinement are not important, because the wire width is much shorter than the PL wavelength. We evaluate the dynamic response of our electron system to an external potential that is periodic in y with wave number q and that is oscillating in time with angular frequency !. This potential is expressed as Uðx; q; !Þ. Here, the potential U signifies the externally applied potential screened by polarization of the dielectric substrate with a dielectric constant " s , namely, the externally applied potential divided by a factor " t ¼ ð" s þ 1Þ=2. The external potential on the k-th wire is defined by
The induced electron density on the k-th wire, n k ðq; !Þ, can be expressed as
in terms of the external potential U m ðq; !Þ on the m-th wire.
Here, the symbol k;m denotes a susceptibility of an interacting electron system for a pair of the k-th and m-th wires. In the STLS approximation, the density n k ðq; !Þ can also be written as
with a susceptibility SW ð0Þ of a noninteracting electron system in an isolated wire on the surface and an effective potential V k due to the response. The potential V k is given by
in terms of the Coulomb interaction v k;l and the LFC G k;l for the wire pair ðk; lÞ. The Coulomb interaction v k;l is expressed as We solve a closed set of eqs. (7)- (9) for G k;m selfconsistently. If we set G k;m to be identically zero, our scheme is reduced to the RPA. The electronic excitations in the wire array entail the energy loss which is equivalent to the work performed by the external potential against the induced Coulomb potential. The energy loss per unit time and per unit length can be expressed as
We solve an eigenvalue problem of a matrix with k;m as its ðk; mÞ component. By locating poles of each eigenvalue ðq; !Þ ð ¼ 1; 2; 3; Á Á Á ; MÞ with change in ! at each q value, we can obtain the PL-mode energies at the q value. The energy-loss intensity I L for each mode at each q value is defined by
This intensity indicates the resonance-peak area in ! dependence of À Im ðq; !Þ for each mode.
Results and Discussion
We apply the theory in section 2 to the low-dimensional PL's in an array of Au-atom wires on the Si(557)-Au surface. In our previous work, we have analyzed the energy dispersion of the single resonant mode when each wire undergoes an external potential of q and ! with the same amplitude and phase. 10) With parameter values of the effective-mass ratio m Ã =m 0 ¼ 0:6 and the wire width 2a ¼ 0:4 nm (one-atom width), we have obtained an excellent agreement with the observed energy dispersion. Here, the symbol m 0 stands for the free-electron mass. For other parameters, we have taken the values of the dielectric constant " s ¼ 11:5, 13) the Fermi wave number k F ¼ 4:1 nm À1 (half-filled band), and the interwire separation d ¼ 1:91 nm. 6) We use the same parameter values in this calculation.
The above k F value leads to the linear electron density
The effective electron-density parameter r s Ã is defined by r s Ã ¼ r 0 =a B Ã , where 2r 0 ¼ 1=n 0 is the average electron-electron distance, and a B Ã is the effective Bohr radius given by a B Ã ¼ " t ðm 0 =m Ã Þa B with the Bohr radius a B ¼ 0:0529 nm. Our electron system has a very small value of r s Ã ¼ 0:7ð<1:0Þ. This high effective density implies that our electron system has a free-electron character. However, the XC effect turns out to be quite significant, as is stated below.
We examine the energy dispersion and the energy-loss intensity of all the PL modes in an array of five atom wires. This examination clarifies the XC effect and the effect of the interwire interaction on the PL's. Figure 1(a) shows the dispersions of the highest-and the lowest-energy modes in the STLS approximation (full curves) and the RPA (broken curves). The single-particle excitation (SPE) continuum, in other words, the electron-hole pair excitation continuum for the single wire extends in an area between two lower dotted curves. Figures 1(b) and 1(c) exhibit the dispersions of all the modes (full and broken curves) in the STLS approximation and the RPA, respectively, together with the dispersion of the PL's in the single wire (dotted curve marked SW). In panel 1(b) or 1(c), to clarify five distinct dispersions, we indicate the dispersions of the highest-and the lowest-energy modes by the full curves, and those of the other modes by the broken curves. In Fig. 1(b) , the modes are labeled M 1 to M 5 in order of increasing energy.
Here, we pay attention to the XC effect in Fig. 1(a) . The XC effect can be described in terms of the XC holes which make the electrons steer clear of one another within a distance $k F À1 . The XC effect plays no substantial role, when the PL wavelength PL is much longer than the size of the XC holes. However, as q becomes larger and PL begins to be comparable to the size, the XC effect starts to operate to lower the PL energy. This operation is quite significant in spite of the high effective density of the electron system (r s Ã ¼ 0:7), owing to the strong 1D confinement. Next, we analyze the effect of the interwire interaction. In our array of five wires, there are five PL modes at each q value. In the absence of this interaction, the energy values of these modes become degenerate. In the presence of this interaction, however, it removes the above degeneracy to give rise to an energy distribution of the modes according to the strength of the interaction. The interwire interaction ranges over a distance $q À1 . Accordingly, the interaction comes into play, when q becomes so small as to be comparable to or less than d À1 % 0:5 nm À1 . As the interaction weakens with an increase in q, the mode energies tend toward degeneracy (see Fig 1(a) ). On the other hand, as the interaction operates more effectively with a decrease in q, the mode energies become distributed more widely.
Here, we turn our attention to the energy-loss intensity (see Fig. 2 ). The intensity curves marked M 1 to M 5 in Fig. 2 correspond to the modes with the same labels in Fig. 1(b) . As q becomes larger, the intensity I L ðqÞ increases monotonically, passes its peak, and declines. This intensity decline starts at smaller q values in the STLS approximation than in the RPA. The intensity on the decrease varies among the modes in the STLS approximation in Fig. 2 . We can understand these characteristics by noting how close the PL mode is to the SPE continuum. It is well known that the PL mode decays away when it enters the SPE region. However, the PL mode is affected significantly, only when it gets close to the SPE continuum. With an increase in q, the XC effect acts to depress the mode energy, and consequently the mode energy approaches the upper boundary of the SPE region more quickly in the presence of the XC effect. Therefore, the intensity I L ðqÞ turns from acclivity to declivity at smaller q values in the STLS approximation than in the RPA. In a large q range where the STLS intensity declines, the mode energies are so close to the SPE region (see Fig. 1(a) ) that the modeenergy distribution in a narrow range leads to an appreciable difference in the intensity among the modes in Fig. 2 . The mode closer to the SPE continuum has weaker energy-loss intensity. Finally, we mention the relative contribution of the XC effect within each wire and the correlation effect between different wires. We have retained the intrawire XC effect and switched off the interwire correlation effect. The calculated results of the energy dispersion and the energy-loss intensity have turned out to be substantially the same as those including both of the effects. This indicates that the XC effect within each wire is quite dominant over the correlation effect between different wires.
We have displayed the results for an array of five wires. However, the XC effect and the effect of the interwire interaction elucidated above are the same in an array of a different number of wires.
Summary
Taking account of the XC effect within each wire and the interwire correlation effect, we have investigated the lowdimensional PL's in an array of metallic quantum wires. We have analyzed the energy dispersion and the energy-loss intensity of all the PL modes in an array of a finite number of wires. Our theory has been applied to the Si(557)-Au surface. The results are summarized as follows:
(1) The exchange and correlation have a significant influence on the PL's, even if the electron system has such a high effective density as to suggest the freeelectron-gas character. This originates from the strong 1D confinement. (2) With an increase in q, the XC effect operates to lower the PL-mode energy increasingly. (3) The XC effect acts to start the decline in the energy-loss intensity at smaller q values, because the mode-energy descent in (2) leads to a closer approach of the mode down to the SPE continuum. (4) The XC effect within each wire is predominant over the interwire correlation effect. (5) The interwire interaction operates to remove degeneracy of the mode energies. As q becomes so small as to be comparable to d À1 (inverse wire separation), the mode energies become distributed over an energy range of considerable width. We consider that our analysis has clarified general characteristics of the XC effect and the effect of the interwire interaction on the PL's in a variety of wire arrays. 
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Wave Number, q /nm Fig. 2 q-dependence of the energy-loss intensity of each PL mode in the wire array in the STLS approximation and the RPA. The intensity curves marked M 1 to M 5 correspond to the modes with the same labels in Fig. 1(b) .
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